This paper provides details of comprehensive computational-fluiddynamics (CFD) -based studies performed to overcome the separation inefficiencies experienced in a large-scale three-phase separator. It will be shown that the classic design methods are too conservative and would result in oversized separators. In this study, effective CFD models are developed to estimate the phaseseparation parameters that are integrated into an algorithmic design method to specify a realistic optimum separator. The CFD simulations indicated that noticeable residence times are required for liquid droplets to penetrate through the interfaces, and liquid droplets would be entrained again from the liquid/liquid-interface vicinity by the continuous liquid phase.
Introduction
The main purpose of the surface facilities on an oil-production platform is to separate the produced multiphase stream into its vapor and liquid fractions. In fact, a properly sized primary multi phase separator can increase the capacity of the entire facility. The literature on the critical unit operation of multiphase separators is extensive, particularly regarding two-phase separators. Most of these documents propose separator-design guidelines and some address operating-performance issues associated with multiphase separators. In a very few studies, CFD-based simulations have been performed to provide a realistic picture of fluid-phase-separation phenomena and to improve separator efficiency. These CFD-based studies, however, have been focused generally on performance issues in specific operating separators. Recently, a realistic CFD simulation of an oilfield three-phase separator has been provided by Pourahmadi Laleh et al. (2012) . The separator of interest was installed on the Gullfaks-A offshore platform. The original CFDbased study of this separator was performed by Hansen et al. (1993) , and the paper provided the geometrical specifications of the Gullfaks-A separator (Fig. 1 ) and the physical parameters for the fluids (Table 1) .
Production on the Gullfaks-A platform started in 1986-87, and the separator performed as expected during the first years. However, several separation inefficiencies, such as emulsion problems and water-level-control failure, were experienced with increasing produced water-flow rate. The developed CFD simulation of the separator could capture these field-separation problems by evaluating the mass distribution of oil and water droplets between oil and water outlets. As presented in Pourahmadi Laleh et al. (2012) , the overall separation efficiency of 98.0% in 1988 would decrease to 70.4% for the future-production condition. The separation efficiencies for oil and water droplets were calculated to be 100 and 96.9%, respectively, for the 1988 production condition. For the future-production condition, the separation efficiency was 1.3% for oil droplets and 100% for water droplets. Hence, it was concluded that major separation inefficiency would be encountered by the existing separator for the projected increase in the produced-waterflow rate.
To overcome the separation inefficiencies, various strategies will be presented in this paper. First, the effect of minor modifications such as adjusting the position and size of the flow-distributing baffles and changing the liquid levels will be examined. Then, a new separator will be designed using classic design methods, and its separation performance will be verified by CFD simulation. Finally, CFD-simulation results will be integrated into an algorithmic optimum-design method to specify a realistic separator for the Gullfaks-A process. For all the CFD case studies, generation of the physical model and the grid system was completed in the Gambit 2.4.6 (ANSYS 2006b) environment, and the CFD simulations were performed in the Fluent 6.3.26 (ANSYS 2006a) environment. The modeling strategies are the same as those of the preceding study and were discussed in Pourahmadi Laleh et al. (2012) .
Minor Modifications
The first modification that was tested was adjusting the position of the distribution baffles. To test this effect, all the baffles were removed from the model to see if any tangible effect on the separator performance might be observed. With this change, the separation efficiency was calculated as 99.5% for oil droplets and 96.8% for water droplets at the 1988 production conditions and 0.8% for oil droplets and 100% for water droplets at the future-production conditions. Compared with the reported values for the separator equipped with the baffles, a negligible difference is seen. On the other hand, as concluded by Lu et al. (2007) in their CFD-based study, it can be expected that the baffles will improve the quality of liquid-flow distribution in the vessel and increase the separation efficiency.
Noting that the baffles were installed originally in the upper (vapor-disengagement) section of the separator, it would seem that some improvement might be achieved by expanding the baffles so that they cover the lower areas also. To investigate this issue, baffles in the inefficient operating separator were expanded to cover the entire cross-sectional area. The CFD simulation of droplet dispersions within the separator resulted in separation efficiencies of 0.5 and 100% for oil and water droplets, respectively. Therefore, it can be concluded that adjusting the arrangement of distributing baffles did not affect the separation efficiency in the Gullfaks-A separator significantly. In fact, as emphasized by Lyons and Plisga (2005) , although properly designed internals are generally helpful in reducing liquid carryover at design conditions, they cannot overcome separation problems in a basically inefficient design or in an undersized separator.
The other modification analyses were performed by changing the liquid levels. Although the separation efficiency remained approximately 100% for the water droplets in all the liquid-level anal-yses studied, the separation efficiency for the oil droplets generally decreased to
• 0.08% with an increase of 20 cm in the thickness of the water layer • 0.03% with a decrease of 20 cm in the thickness of the water layer • 0.02% with an increase of 20 cm in thickness of both the water and oil layers Thus, it may be concluded from the CFD simulations that minor modifications cannot change the separation inefficiencies in the Gullfaks-A separator, and this separator should be redesigned to perform the phase-separation task successfully at projected produced-water-flow rates.
Redesign of the Gullfaks-A Separator
Multiphase separators are designed to provide sufficient disengagement space for gas/liquid phases and adequate retention time for liquid phases to establish satisfactory liquid/liquid separation. Some heuristics have been suggested in the literature that are usually conservative and lead to oversized separators (Abernathy 1993) . In more-systematic procedures, droplet-settling theory is applied for evaluating vapor/liquid-or liquid/liquid-separation requirements, and adequate retention times may be assumed on the basis of experience, scale-model predictions, or field data. Grødal and Realff (1999) developed a software package for automatic design of twophase and three-phase separators. The design procedure was based on droplet-settling theory, and the optimum solution was determined by applying sequential quadratic-programming techniques.
As stated by Grødal and Realff (1999) , the most-comprehensive approach among the classic methods was proposed by Svrcek and Monnery (Svrcek and Monnery 1993; Monnery and Svrcek 1994) . In their approach, an algorithmic method was developed on the basis of accepted industrial guidelines, and the optimum (mosteconomical) multiphase separator was designed through iteration (for horizontal separators) or height adjustment (for vertical separators). To provide more details of the approach, the main steps used in designing the "weir-" type three-phase separator proposed by Monnery and Svrcek (1994) are presented in Appendix A.
Redesign of the Gullfaks-A Separator on the Basis of the Classic Methods. The algorithmic-design method proposed by Monnery and Svrcek (1994) was used in redesigning the Gullfaks-A separator. The method uses industry-standard settling or rising velocities to design the most-economical separator. Unfortunately, the exact values of settling or rising velocities of droplets may be totally different from the industry-accepted values. The usual value for liquid-droplet size is 150 μm and is used as a standard in the American Petroleum Institute (API) design method (Walas 1990; Hooper 1997 ). However, assuming this droplet size, no realistic results could be obtained for the Gullfaks-A separator. That is, a separator with a diameter of 14.4 m and a length of 87 m would result for separating the mixture at 1988 production conditions, and a separator with dimensions of 12.4 m×75 m would result for the future-water-production conditions.
The calculated separator dimensions imply that, through classic design strategy, there is no feasible design for separating the mixture with the Gullfaks-A production conditions. However, both CFD-simulation results and the oilfield experience showed that the original separator did operate in an acceptable way for the 1988 production conditions, and that the separation inefficiencies are a result of the increase in the produced-water-flow rate at the futureproduction conditions. This would imply that an acceptable design could be made by providing the liquid-retention times of the 1988-production conditions for the liquid phases at the increased flow rates. As noted by Svrcek and Monnery (1993) , although the basic equations used for separator sizing are known widely, subjectivity exists during the selection of the parameters used in these equations. The most-controversial parameters are settling (or rising) velocities of droplets in liquid/liquid separation. These parameters are to be tuned using the 1988 production conditions, at which the separation efficiencies were acceptable.
Estimation of Settling Velocity of Oil Droplets in the Gas Phase. Two industrial methods-the Gas Processors Suppliers As- sociation (GPSA 1998) method and the York-demister methodand one theoretical method were evaluated. Using these methods, the terminal settling velocity of oil droplets was calculated to be 0.460, 0.328, and 0.216 m/s, respectively. Thus, the corresponding minimum length required for the vapor/liquid separation in the original separator was calculated as 0.51, 0.71, and 1.08 m, respectively. The CFD simulations indicated that approximately 10 cm after the momentum breaker, almost all the liquid droplets had settled, implying that the calculated values are somewhat conservative. However, while sizing the Gullfaks-A separator, the classic procedure did indicate that the liquid/liquid separation is controlling. Therefore, the focus of the current phase of this study is on the proper estimation of oil/water-separation velocities. Estimation of the Rising Velocity of Oil Droplets in the Water Phase. By use of the Stokes' law, a velocity of 0.00566 m/s was calculated for the industry-accepted droplet size of 150 μm. This value is greater than the value implied by the liquid-retention time, as follows. The separation efficiency of 100% for oil droplets indicates an appropriate separator design/size, and the retention time of this original separator was 165.6 seconds for water phase with a waterlayer thickness of 0.625 m; hence, the rising velocity of oil droplets was assumed to be 0.00377 m/s while redesigning the separator.
Estimation of the Settling Velocity of Water Droplets in the Oil Phase. A velocity of 0.000464 m/s was calculated by Stokes' law, assuming a liquid-droplet size of 150 μm. In terms of the liquidretention time theory, this value is too conservative and leads to an oversized separator. The installed separator with dimensions of 3.33 m×16.30 m had been working efficiently for the designed 1988 production conditions. The predicted separation efficiency of 96.9% for water droplets indicates that the design was successful in having the water droplets separated from the oil phase. Therefore, the provided retention time of 73.4 seconds for oil phase was reasonable. Accounting for the oil-layer thickness of 1.039 m, the settling velocity of water droplets should be 0.01416 m/s. To further improve the water-separation efficiency, a value of 0.0134 m/s (95% of 0.01416 m/s) was assumed while redesigning the separator.
Instead of the estimated values calculated from Stokes' law, new "separation velocities" were calculated on the basis of the appropriate liquid-retention time of the 1988-production condition. To specify a useable separator, the separator was redesigned for the maximum flow rates of produced gas, oil, and water. Fig. 2a provides the sizing specifications of the "redesigned" Gullfaks-A separator. As expected, a larger separator is required. To keep the design in line with the original separator, four extra baffles with gaps of 4.0 m between them were also added to the new separator design. Then, a CFD model was developed for the redesigned separator to study its performance while processing the Gullfaks-A produced multiphase. The global quality of the produced mesh systems in terms of number of cells, maximum cell squish, cell skewness, and maximum aspect ratio is presented in Table 2 , which The modifications made as a result of the CFD simulation of this study did enhance the separator performance. The redesigned separator dealt satisfactorily with 1988 production conditions in that the total separation efficiency was as high as 99.1% (slightly higher than the original separator efficiency), with its components of 100 and 98.7% as separation efficiencies for oil and water droplets, respectively. For the projected future-production conditions, the redesigned separator had a total separation efficiency of 99.7%, with its components of 93.4 and 100% as separation efficiencies for oil and water droplets, respectively. Note that although approximately 6.6 wt% of the oil droplets was predicted to exit in the water outlet for the future-production case, this would not decrease the separated-water purity dramatically because the water-outlet composition would be 99.7% water and only 0.3% oil. As was the case with the original separator, there would be no droplet carryover in the gas-phase outlet (i.e., all the injected droplets exited in either the oil outlet or the water outlet).
CFD-Based Redesign of the Gullfaks-A Separator.
To model the phase-separation process efficiently, two independent sets of CFD simulations were performed-one for vapor/liquid separation and the other for liquid/liquid separation. For this purpose, two twophase models, shown in Fig. 3 , were used. These models were developed by verification of the results for various two-phase systems when compared with those of industrial-scale separators. These investigations confirmed that although the mesh-generation stages in the Gambit environment and the setting of CFD parameters in the Fluent environment would be more straightforward for these models, the results produced for phase separations are the same as those for large-scale separators.
A sensitivity analysis on the defined droplet-size distribution showed that separation efficiencies are not overly sensitive to the assumed maximum droplet size (Pourahmadi Laleh 2010). Therefore, the required particle-size-distribution parameters were set as estimated for the 1988 production condition (Pourahmadi Laleh et al. 2012) . The results are presented in Table 3 . Note that in the developed models, for the first time, a distribution of droplets is being tracked. Therefore, to evaluate the separation velocities, a massaveraged time taken by droplets to separate out of the continuous phases was used. So, the reported values are the "efficient" separation velocities.
Vapor/Liquid Separation. A settling velocity of 0.4967 m/s was calculated for oil droplets on the basis of the CFD simulations. This value is approximately 8% greater than the maximum terminal settling velocity estimated by the classic design methods (the GPSA method). However, CFD simulation showed that oil droplets required a residence time of 58 seconds to pass through the vapor/ liquid interface. This is in contrast with the classic design methods, which assume that when oil or water droplets come into contact with vapor/liquid or liquid/liquid interfaces, they penetrate the interface immediately and join their respective phases.
As expected, water droplets with a settling velocity of 0.7055 m/s and an interface-residence time of 5.9 seconds required less time for separation from the gas phase compared with oil droplets.
Liquid/Liquid Separation. A rising velocity of 0.03002 m/s was calculated for oil droplets on the basis of CFD simulations. This value is approximately 4.3 times greater than the terminal rising velocity estimated by the classic design methods. However, similar to vapor/liquid separation, a noticeable residence time of 27.7 seconds was required for oil droplets to pass through the liquid/ liquid interface.
For water droplets, a settling velocity of 0.01813 m/s was calculated. This value is approximately 38 times greater than the value estimated by the classic methods. Water droplets required only 2.7 seconds to penetrate through the liquid/liquid interface. Therefore, the classic design methods are too conservative when estimating the settling velocity for water droplets.
Having developed realistic separation parameters using CFD modeling, the algorithmic design method of Monnery and Svrcek (1994) was used to specify the most-economical separator. Their design procedure used the separation velocities and interface-residence times obtained from the CFD simulations. Again, the maximum flow rates of the produced gas, oil, and water phases were used in the design. Fig. 2b . presents the dimensions of the weir-type horizontal separator designed for processing Gullfaks-A. The separation performance of this separator was validated by CFD simulations. Considering the quality of the grid system (Table 2) , a negligible fraction of cells (approximately 0.0014%) have poor quality for this case. Having set all the CFD parameters for the 1988 or future-production conditions, the number of iterations required for convergence was 6,000. Each iteration took approximately 27 seconds on a 3.20-GHz PC with 2.00 GB of RAM. Therefore, a PC run time of approximately 45 hours was required for solution of continuousphase flow regimes. Also, an additional PC run time of approximately 3 hours was required for simulation of interactions between the discrete phase (liquid droplets) and continuous phases.
Mass-distribution analysis for 1988 production conditions led to a perfect separation efficiency of 100% for both oil and water droplets. For the future-production condition, 100% of water droplets were separated, but the separation efficiency for oil droplets was only 68.0%. Therefore, it would seem that the design would suffer from low oil-separation efficiencies with the projected increase in the water-flow rate. Using the available model for weir design for the future-production conditions, additional CFD simulations were performed. In all case studies, several parallel horizontal planes were defined inside of the vessel to record the characteristics of the droplets passing through them. Software was developed to perform an analysis on the database provided by the recording surfaces. This analysis did confirm the separation velocities provided by the simple two-phase models of Fig. 3 . However, the captured data also showed that some oil droplets were not able to pass through after reaching the oil/water interface. Further studies indicated that these droplets, while bouncing near the interface along the separator, were carried out by the water phase because of its high velocity. Therefore, the existence of a "re-entrainment" phenomenon, in which a fraction of oil droplets are entrained again by the water phase at high water velocities, was observed as part of the CFD simulations.
To study this phenomenon further, additional case studies were performed at various oil-and water-flow rates using the same physical model. On the basis of the 1988 and future-production conditions, the oil-and water-flow rates were varied from their minimum values to their maximum values in 10% increments. For each case study, the oil and water droplets were injected and tracked to determine if they were carried out by the other liquid phase. The results of CFD simulations indicated that independent of the oil-flowrate value, re-entrainment by water phase occurred at a water-flow rate of 0.1595 m 3 /s. Hence, the previous lower water-flow rate of 0.1329 m 3 /s was assumed as the maximum value that would avoid re-entrainment of the oil droplets. Using the separator dimensions, the maximum water velocity was calculated to be 0.063 m/s. On the basis of the maximum water-production rate, a minimum crosssectional area of 5.485 m 2 was calculated for water phase to avoid re-entrainment of the oil droplets.
Using all the data provided by the CFD simulations, the "stabilized" optimum separator was then designed using the procedure of Monnery and Svrcek (1994) , and the performance of this separator was checked using CFD simulations. Fig. 2c presents the dimensions of the "stabilized" separator, and Fig. 4 provides the detailed fluid-flow profiles for the stabilized optimum Gullfaks-A separator at the increased-water-flow-rate conditions. Again, Table 2 does indicate that only a negligible fraction of cells, approximately 0.0015%, is of poor quality for this case. As expected, a perfect separation efficiency of 100% was calculated for the oil and water droplets at both production conditions for the stabilized separator. Therefore, this design can be referred to as the realistic optimum separator for the Gullfaks-A process.
Discussion
In summary, three different separators were redesigned for Gullfaks-A. The first separator design, labeled redesigned separator, was based on the acceptable separation performance of the separator at 1988 production conditions. The originally installed separator had a reasonable separation efficiency of 98.0% for the 1988 production conditions. Hence, it was assumed that the provided retention times of continuous phases in 1988 might be necessary for a new design. Using the maximum fluid-flow rates, the separator was redesigned. The separation performance of this separator, as demonstrated by CFD simulations, was acceptable, but the design suffered from being oversized. The second separator, labeled weir 6.89e+06 1.12e+01 1.06e+01 1.00e+01 9.48e+00 8.92e+00 8.36e+00 7.81e+00 7.25e+00 6.69e+00 6.13e+00 5.58e+00 5.02e+00 4.46e+00 3.90e+00 3.35e+00 2.79e+00 2.23e+00 1.67e+00 1.12e+00 5.58e-01 2.22e-04 design procedure used the separation velocities and interface-residence times obtained from the CFD simulations. Again, the maximum flow rates of the produced gas, oil, and water phases were used in the design. Fig. 2b . presents the dimensions of the weir-type horizontal separator designed for processing Gullfaks-A. The separation performance of this separator was validated by CFD simulations. Considering the quality of the grid system (Table 2) , a negligible fraction of cells (approximately 0.0014%) have poor quality for this case. Having set all the CFD parameters for the 1988 or future-production conditions, the number of iterations required for convergence was 6,000. Each iteration took approximately 27 seconds on a 3.20-GHz PC with 2.00 GB of RAM. Therefore, a PC run time of approximately 45 hours was required for solution of continuousphase flow regimes. Also, an additional PC run time of approximately 3 hours was required for simulation of interactions between the discrete phase (liquid droplets) and continuous phases.
In summary, three different separators were redesigned for Gullfaks-A. The first separator design, labeled redesigned separator, was based on the acceptable separation performance of the separator at 1988 production conditions. The originally installed separator had a reasonable separation efficiency of 98.0% for the 1988 production conditions. Hence, it was assumed that the provided retention times of continuous phases in 1988 might be necessary for a new design. Using the maximum fluid-flow rates, the separator was redesigned. The separation performance of this separator, as demonstrated by CFD simulations, was acceptable, but the design suffered from being oversized. The second separator, labeled weir 6.89e+06 1.12e+01 1.06e+01 1.00e+01 9.48e+00 8.92e+00 8.36e+00 7.81e+00 7.25e+00 6.69e+00 6.13e+00 5.58e+00 5.02e+00 4.46e+00 3.90e+00 3.35e+00 2.79e+00 2.23e+00 1.67e+00 1.12e+00 5.58e-01 2.22e-04 6.89e+06 6.89e+06 6.89e+06 6.88e+06 6.88e+06 6.88e+06 6.88e+06 6.88e+06 6.88e+06 6.88e+06 6.88e+06 6.87e+06 6.87e+06 6.87e+06 6.87e+06 6.87e+06 6.87e+06 6.87e+06 6.87e+06 6.86e+06 design, was designed on the basis of the data provided by CFD simulations and the two-phase models. Although this separator was smaller than the redesigned separator, its separation efficiency was also lower.
Further CFD studies indicated that this inefficiency was caused by water-phase re-entrainment. Using the data from the two-phase models with the re-entrainment findings, the third separator, labeled stabilized separator, was designed for Gullfaks-A. This design took advantage of all phase-separation data provided by CFD simulations as well as the logical optimization methodology presented by Monnery and Svrcek (1994) . The separation performance of the stabilized separator and its smaller dimensions compared with those of the redesigned separator confirmed that the redesigned separator was oversized and that a more-economical separator could be designed that could accomplish the separation task of Gullfaks-A. For comparison purposes, Table 4 shows the key dimensions and separation efficiencies for the original, redesigned, weir, and stabilized separators proposed for Gullfaks-A.
Conclusions
Various approaches to overcoming the separation inefficiencies in a large-scale three-phase separator have been studied. The CFDmodeling strategies used for simulation of this separator resulted in a realistic simulation of its separation performance at both 1988 and future-production conditions. Therefore, the same strategies were used to verify the separation performance of the alternative case studies from a CFD-simulation perspective. The CFD simulations showed that minor adjustments could not mitigate the separation inefficiencies. Therefore, redesign of the separator was the only reasonable solution.
To accomplish this redesign task, two approaches were used. In the first approach, the separator was redesigned by one of the wellknown classic methods. In the second approach, the same classic design method was improved using realistic separation parameters that resulted from CFD modeling. It was shown that the popular classic methods, mostly because of a lack of a useable mathematical model for estimation of droplet-separation velocities, do result in a very conservative design and would specify an extremely oversized separator for Gullfaks-A. In contrast with the classic separator-design methods, the CFD-simulation results indicated that significant residence times may be necessary for droplets to pass through the vapor/liquid or liquid/liquid interfaces. Furthermore, droplets may be affected and re-entrained by liquid phase at a high velocity. Thus, the realistic optimum separator can be specified only when all CFD findings in terms of phase-separation velocities and maximum continuous-phase velocities are taken into account in the design procedure. 18. Calculate the approximate vessel weight on the basis of the thickness and the surface area of the shell and heads.
19. To find the optimum case (corresponding to the minimum weight), change the vessel diameter by 15-cm increments and repeat the calculations from Step 2, while keeping the aspect ratio in the range of 1.5 to 6.0.
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